AND CONCLUSIONS 1. We studied the functional properties of neurons in the caudal part of inferior area 6 (area F4) in awake monkeys. In agreement with previous reports, we found that the large majority (87%) of neurons responded to sensory stimuli. The responsive neurons fell into three categories: somatosensory neurons (30%) ; visual neurons ( 14%); and bimodal, visual and somatosensory neurons (56%). Both somatosensory and bimodal neurons typically responded to light touch of the skin. Their RFs were located on the face, neck, trunk, and arms. Approaching objects were the most effective visual stimuli. Visual RFs were mostly located in the space near the monkey (peripersonal space). Typically they extended in the space adjacent to the tactile RFs.
INTRODUCTION
The agranular frontal cortex of the macaque monkey is constituted of a mosaic of areas with distinct anatomic and functional properties (Dum and Strick 1991a,b; He et al. 1993; Kurata and Tanji 1986; Luppino et al. 1990 Matelli et al. 1985 Matelli et al. , 1991 Matsumura and Kubota 1979; Muakkassa and Strick 1979; Mushiake et al. 1991; Rizzolatti et al. 1981a Rizzolatti et al. , 1988 . Among these areas, one-area F4-appears to be of great interest for its possible role in providing a spatial framework for the organization of head and arm movements.
Area F4 is located in the caudal part of inferior area 6, just rostra1 to area 4 (area F1 ). It receives a strong input from the inferior parietal lobule ( Andersen et al. 1990a; Cavada and Goldman-Rakic 1989; Chavis and Pandya 1976; Godschalk et al. 1984; Matelli et al. 1986; Petrides and Pandya 1984) and, in pa~icul~, from area VIP (ventral intraparietal area) , an area located in the depth of the intraparietal sulcus. Intracortical microelectrode stimulation showed that F4 contains a representation of head, trunk, arm, and mouth movements ). Axial and proximal arm movements are represented mostly in its dorsal part, whereas mouth movements tend to be represented ventrally. There is no representation of distal movements. Area F4 sends direct connections to arm and mouth fields of Fl ).
Neurons in F4 respond to tactile or to tactile and visual stimuli (Gentilucci et al. 1983 Rizzolatti et al. 198 la,b) . Tactile receptive fields (RFs) are located on the face, arms, and trunk. Visual RFs (operationally defined as those space regions from which responses are consistently evoked at visual stimulus presentation) are usually located around the tactile fields. Typically, the visual RFs abut on the tactile ones, thus forming a single responsive region that includes the skin and the space adjacent to it.
Preliminary observations showed also that many F4 neurons have visual RFs whose location appears to be independent of the eye position (Fogassi et al. 1992; Gentilucci et al. 1983; . This finding suggests that, unlike the parietal and frontal areas related to oculomotor control, F4 neurons code space in a coordinate system that is not centered on the retina ( Andersen 1987; Goldberg et al. 1990 ) but on the face, arm, trunk, and other body parts . Such a somatocentered system appears to be extremely useful in organizing arm and head movements.
The aim of the present study is to provide a more detailed description of the RP properties of F4 neurons. These properties are rather difficult to study quantitatively because most F4 neurons require three-dimensional objects in order to be activated, prefer moving stimuli, and have their RFs located in the animal's peripersonal space. In the present study we overcame these difficulties by training the monkey to fixate a small light and presenting moving stimuli driven by a robot arm. By changing the monkey's gaze location we were able to decide whether the field was retinocentric or somatocentered, while by the precise control of stimulus position and velocity we could delimit the extent in depth of the fields and assess the effect of different stimulus velocities on field extension. Finally, we paid particular attention to the control of monkey's movements so as to avoid the possible criticism that neuron discharges appearing as visual responses could 0022-3077196 $5.00 Copyright 0 1996 The American Physiological Society in fact reflect movements made by the monkey in response to visual stimuli (see Boussaoud et al. 1993) .
The results clearly showed that most F4 neurons have RFs coded in somatocentered coordinates. In some of them the background level of activity and/or the response intensity to visual stimuli are modulated by gaze position. The extension in depth of F4 visual RFs is not fixed. It dynamically changes with stimulus velocity. None of these effects can be explained by active movements made by the monkey.
METHODS
We recorded from neurons in the caudal part of inferior area 6 (F4) (see Matelli et al. 1985) of two macaque monkeys (~~c~c~ ~e~e~~r~~~). In the first monkey (~~~~ey 8) we recorded from the left and right hemispheres, in the second monkey (monkey 9) from the left hemisphere only. All experimental protocols were approved by the Vete~nari~ Animal Care and Use Committee of the University of Parma and complied with the European law on the humane care and use of laboratory animals.
The surgical procedures for the construction of a head implant and the implant,ation of eye coils to measure eye movements were the same as described in previous studies (for details see ). The implant included a head holder, a chamber for single-unit recordings and microstimulation, and the plugs from the eye coil leads. After surgery, monkeys were monitored until fully awake, given ketorolac (0.5 mg/kg inn, twice) for analgesia, and returned to the home cage. Monkeys were given 1-2 wk for recovery before the start of the experiments.
Single neurons were recorded with the use of tungsten microelectrodes (impedance 0.5-1.5 MO, measured at 1 kHz) inserted through the dura. Neuronal activity was amplified and monitored on an oscilloscope. Individual action potentials were isolated with a time-amplitude voltage discriminator (BAK Electronics, Germantown, MD). The output signal from the voltage discriminator was monitored and fed to a PC for analysis. Response histogr~s were constructed by summing from eight to ten individual trials (binwidth 20 ms) .
The recording microelectrodes were also used for electrical intracortical microstimulation: train duration 50 ms, pulse duration 0.2 ms, frequency 330 Hz, current intensity 3-40 PA. The current strength was controlled on an oscilloscope by measuring the voltage drop across a lo-kf2 resistor in series with the stimulating electrode.
Eye movements were recorded with the use of the magnetic search coil technique (Robinson 1963) with the implanting technique of Judge et al. ( 1980) . Eye position was calibrated at the beginning of each recording session, using five standard positions: O", 20' right and left on the horizontal meridian, and 20' up and down on the vertical meridian. Eye position was monitored on an X-Y oscilloscope and fed to the same PC that analyzed neuronal activity. The eye movement sampling frequency was 500 Hz.
The electromyographic activity (EMG) of shoulder, neck, trunk, and face muscles was recorded in separate sessions during the experimental period, with the use of unipolar Teflon-coated wire electrodes. The recorded muscles were: latissimus dorsi, trapezius, deltoideus, splenius, serratus posterior superior, ste~ocleidomas-toideus, and frontalis. EMG signals were amplified, filtered, and digitized at 500 Hz. The stored data were digitally full-wave rectified and integrated.
Behavioral paradigm
The monkey was seated in a primate chair and trained to perform a fixation task. A light-emitting diode (LED) served as fixation Schematic representation of the expe~mental procedure employed to study visual receptive fields (RFs). Two hypothetical RFs, 1 coded in retinocentric coordinates (space between the continuous lines), the other coded in somatocentered coordinates (shadowed area), are shown. beak (drawing labeled 1) : monkey fixates centrally. The 2 fields are in register. Right (drawing labeled 2) : animal fixates eccentrically (30' to the left). The retinocentric field follows the eyes while the somatocentered field remains anchored to the head. In A the robot arm is moved inside the somatocentered RF, whereas in B the arm is moved outside the RF. Asterisk: fixation point. Arrows: trajectory of the robot arm.
point. The LED was placed 1 m in front of the monkey. Its azimuth and elevation could be varied. The monkey was trained to press a bar, which turned the LED on, and to fixate the LED until it dimmed. The LED dimming occurred after a delay that varied between 1.8 and 2.6 s. The monkey was rewarded if it maintained the fixation until dimming and released the bar during dimming (800 ms).
When the monkey learned the fixation task, neurons were tested using a computer-driven robot arm, moved toward the monkey (AG-CEREC, Parrna, Italy). A parallelepiped, made of cardboard, (20 X 4.5 x 4 cm) attached to the robot arm was used as visual stimulus. This stimulus was effective in activating the neurons (see below) and did not produce overt orienting or other motor reactions. The stimulus did not require any behavioral response and did not provide any useful info~ation to the monkey. Thus after a short training the monkey learned to ignore the stimulus and to remain concentrated on the dimming task. Break of eye fixation and errors in releasing the bar aborted the trial,
The robot arm started its trajectory at a distance of 50-70 cm from the monkey, approached the monkey, and reversed movement direction a few centimeters from the monkey. The robot arm's velocity could range from 1 to 80 cm/s. The velocity usually employed was 40 cm/s. The robot arm movement started 200 ms after the illumination of the fixation point. The three-dimensional trajectory of the moving s~ulus with respect to the animal was re~ons~cted with the use of a computerized movement recording system (ELITE System) (Ferrigno and Pedotti 1985) . This system consists of two infrared TV cameras and a processor that elaborates the video images in real time and reconstructs the gee-Dimensions position of infrared reflecting markers. The markers used for reconstructing the robot arm trajectories were placed at the center of the head holder and near the tip of the moving s~mulus, respectively.
Four basic experimental situations were used to determine whether the RFs of the recorded neurons were coded in retinotopic or somatocentered coordinates. They are shown in Fig. 1 . In Fig.  1 A, the monkey fixated centrally and the robot arm was moved toward the animal across the neuron's RF. In Fig. lB , the fixation point remained unchanged, but the robot arm was moved outside the RF. In Fig. 1, A and B, there is a correspondence between retinotopic and somatocentered frames. In Fig. 1 , right (drawing labeled 2), the fixation point was shifted and the robot arm was moved along the same trajectories as in Fig. 1 , left (drawing labeled 1). If the RF were retinotopically organized, its position should change together with that of the eyes. Thus the neuron would now respond in Fig. 1, 2B , but not in Fig. 1, 2A . In contrast, if the RF were coded in a system of coordinates independent of eyes' position, the neuron responses should not be affected by the change of gaze. The responses should remain present in Fig. 1,2A and absent in Fig. 1, 2B . In addition to the four basic situations, all neurons were tested in control trials in which no stimuli were presented during the fixation task. Control trials and experimental trials (i.e., those with moving stimuli) were run in blocks (usually 10 trials per block).
Experimental sessions
Recordings started from the posterior part of precentral gyrus. The transition from area Fl (precentral motor cortex) to F4 was functionally recognized on the basis of the appearance of reliable visual responses, a shift from a prevalence of proprioceptive responses to a prevalence of tactile responses, and an increase of movement threshold in response to electrical stimulation ). The properties of Fl neurons are outside the aim of the present study and will be not dealt with here.
Once an F4 neuron was isolated its responses were tested with somatosensory and visual stimuli. Somatosensory stimuli consisted of hair bending, touch of the skin, light pressure of the tissue, and slow and fast rotation of the joints. Light pressure on the muscle belly and tendons were also applied. All testing was performed with eyes open and closed.
Visual stimuli consisted of objects moved in front of the monkey. Because previous studies (Gentilucci et al. 1983 Rizzolatti et al. 1981b) showed that F4 neurons have no specific preference for meaningful stimuli (food, faces, hands, etc.), geometric solids or circular or rectangular shapes made of cardboard were used. No obvious differences were observed between these stimuli in determining neuron responses. A quantitative study of neuron preferences for different stimuli was not carried out in the present study, however. The stimuli were presented by hand at different positions and distances from the monkey. They were then moved toward the monkey from different angles while the monkey fixated a piece of food. The direction away from the monkey was also tested. The procedure was repeated over and over again until the borders of visually responding region were delimited. Borders of the visual responding region (3-dimensional visual RF) were considered the external limits of that part of space whose crossing gave constant responses (see .
After visual RF mapping, the neuron was formally tested with the use of the robot arm. Visually related neural activity was considered to start when there was a change in the slope of the cumulative sum of spikes (see Falzett et al. 1985) . The peak of the maximal discharge rate was calculated by taking the maximal bin value (binwidth 20 ms) following a moving average filtering (9 terms).
Histological identification
About 1 wk before the animal was killed, a series of small electrolytic lesions ( 10 PA cathodal current for 10 s), equally spaced one from another, were made at the border of the studied area. After the last experiment the animal was anesthetized with ketamine ( 15 mg/ kg im) and, after an additional dose of thiopental sodium (30-40 mg iv), perfused through the left ventricle with warm buffered saline followed by fixative (for details see Matelli et al. 1985) . The animal was then placed in the stereotaxic apparatus, the dura was removed, and the stereotaxic coordinates of the arcuate and central sulci were assessed. The brain was blocked coronally on a stereotaxic frame, removed from the skull, photographed, and then frozen and cut coronally (each section 60 pm). Alternate sections were stained with the Nissl method and reacted for cytochrome oxidase histochemistry.
The locations of the penetrations were reconstructed and related to the various cytochrome oxidase areas of the frontal agranular cortex (Matelli et al. 1985) .
RESULTS

General characteristics of F4 neurons
We recorded from 539 F4 neurons. In accordance to previous reports (Fogassi et al. 1992; Rizzolatti et al. 1981a,b) , most of the neurons (n = 467,87%) responded to sensory stimuli. The responsive neurons fell into three categories: somatosensory neurons (n = 138, 30%); visual neurons (n = 66, 14%); and bimodal, visual and somatosensory neurons (n = 263, 56%).
Task-related neurons: and basic properties selection criteria
As the aim of the present experiment was to collect quantitative data on the RF organization of F4 neurons; after the initial screening, only those neurons whose responses could be tested in the paradigm described in Fig. 1 were further studied. With the use of this criterion, 110 neurons were selected. Neurons that, although responsive in the paradigm, were studied for too short a time to assess their visual RF coordinate system were not included in the sample.
All neurons of the final sample were bimodal. They all responded to light touch of the skin. Their RFs were located on the face (n = 91, 83%), arms (n = 6, 5%), or a larger region comprising face and trunk and/or arm (n = 13,12%). Most of the neurons were contralateral to the recorded side (n = 69, 63%), some extended bilaterally (n = 32, 29%), and a few were strictly ipsilateral (n = 9, 8%). Examples of different types of RFs are shown in Fig. 2 .
Visual RFs were also usually contralateral to the recorded side (n = 68, 62%). Bilateral RFs were found in 38 neurons (35%), strictly ipsilateral RFs in 4 (3%). Most RFs (75%) were located around the face. Other RFs (25%) were located around both face and trunk and/or arm. Example of visual RFs are illustrated in Fig. 2 .
Figure 2 also shows that typically visual RFs were located around the tactile fields. The relation between the size of tactile RF and visual RF (measured near the skin) varied. In the majority of neurons (n = 77, 70%) they were roughly of the same size. In 26 neurons (23%) the visual RF was larger than the tactile one. It constantly included the space region above the tactile RF, but extended also above the skin outside the tactile RF. In three neurons (3%) the opposite was observed. Finally, in four neurons (4%) there was no obvious correlation between the location of visual and tactile RFs.
The extension in depth of the visual RFs varied in different and neurons M9207-M9362 were recorded from the left hemisphere; neurons M8567-M8739 were recorded from the right hemisphere.
neurons. Ninety neurons (82%) had visual RFs whose outer in A2 and absent in B2. If the field would have been retinoborders, measured from the animal's skin, extended in depth topically organized, a response should have occurred in 232. for ~40 cm. For the remaining 20 neurons ( 18%) a clear Note also that the response in Al and A2 was identical. This outer border was not obvious. Further properties of the RFs indicates that the angle between gaze and stimulus direction will be described in the next paragraphs. did not affect the neuron's response. Of 110 tested dent of eye position are shown in Figs. 4 and 5. Both the neurons, 94 had visual RFs that were independent of eye neurons had the RF around the face. Neuron M81.58 had a position. In these neurons, regardless of the eye deviation, field extending for -3O* contralateral to the recorded side. the RF remained located around the same body part (face, Neuron ~8~9~ had a large bilateral field. In this last neuron arm, body). In 10 neurons the RF moved with the eyes. For the field coordinates were studied by changing stimulus locathe remaining six neurons the RF frame of reference was tion along the vertical plane. not clear. Figure 6 shows another example of a neuron with visual An example of an eye-position-independent neuron is RF independent of eye position. In this case the RF was shown in Fig. 3 . In Fig. 3AI , the monkey was looking located around the arm. straight ahead while a visual stimulus was moved toward NEURON RESPONSES AND ENVIRONMENTAL CUES.
The data the monkey inside the RF. The onset of the response oc-presented in the previous section demonstrate that most curred 'clvhen the stimulus was at -35 cm from the monkey. visual RFs in F4 are organized in nonretinocentric coordiIn Fig. 3BI the monkey was still looking straight ahead, but nates. They do not differentiate, however, between a coorthe stimulus was moved outside the medial border of the dinate system related to the body or some body part of RF. There was no response. In Fig. 3, A2 and B2, the gaze the monkey (egocentric frame of reference), and a coorwas deviated 30* to the right. The response was still present dinate system related to stimuli present in the environ- In Al and A2 the stimulus was moved inside the RF along a sag&al plane; the direction reversed when the stimulus .was 8 cm from the orbital plane. In Bl and B2 the stimulus was moved outside the RF, along a trajectory parallel to that in Al, but on the opposite side of the face midline. CI and C2 : control trials. No moving stimulus was presented. Note the constancy of the response initiation following the start of stimulus movement. The response onset corresponded to a distance of 27 cm from the orbital plane. Note also the presence of a 2nd discharge occurring after dimming of the fixation point. This burst is due to the monkey's motor behavior (bar release and/or mouth movements related to reward delivery). For other conventions, see Fig. 1 . ment (allocentric frame of reference). Although this last type of coordinate system appears to be unlikely for F4 neurons (see dispassion), in a group of neurons (n = 10) we tested the allocentric hypothesis by changing orientation of the monkey with respect to the walls of the recording room.
The results are presented in Fig. 7 . In Fig. 7, A and B, the monkey fixated centrally and the robot arm was moved within and outside the RF. In Fig. 7C the gaze was deviated 30° to the right. The absence of response indicates that the field was not retinocen~c. The monkey was then rotated 30° to the right and the stimulus was moved along the same trajectory as in Fig. 7A in terms of head-centered coordinates (Fig. 70) . In this condition the scene viewed by the monkey changed and therefore the allocentric frame of reference also changed. The presence of responses in Fig. 7D proves that The influence of eye position on visual response intensity and background level of activity was assessed in 60 neurons. In all of them the RF location was independent of eye position. In 17 neurons the response to visual stimuli and/or the background level of activity was modulated by eye deviations.
An example of a "modulated" neuron is shown in Fig.  8 . The top panels (Fig. 8A) illustrate the modifications of the background level of activity when the monkey fixated three different locations. When the gaze was deviated to the right the activity was high, whereas it was virtually absent when the gaze was deviated to the left. The middle panels (Fig. 8B) show the responses to moving stimuli with the same gaze locations as in Fig. 8A . The weakest responses occurred in the condition in which the background level of activity was high. The relationship between background activity rate and response intensity is illustrated in Fig. 8C In Al and A2 the stimulus was moved inside the RF, along a sagittal plane aligned with the body midline, just above the eye level; the direction reversed when the stimulus was -2 cm from the orbital plane. In Bl and B2 the trajectory was identical to that in Al, but the stimulus was moved outside the RF, at the level of the mouth. Cl and C2: control trials. The response onset corresponded approximately to a distance of 15 cm from the orbital plane. Other conventions as in Fig. 3. whereas the response is maximal when the gaze is directed away from it.
, Of 17 modulated neurons, 7 neurons behaved like that described in Fig. 8 . In nine neurons the eye deviation influenced the visual responses but not the background level of activity. In one neuron only the background level of activity changed with gaze deviation. Although the discharge modulation following changes in eye position was phenomenologically a very clear effect, one should be aware that this effect is not necessarily caused by eye deviations. In fact eye deviations were constantly accompanied by a synergic tonic increase of the activity of the ipsilateral neck muscles, as illustrated in Fig. 9 (for similar observations see also Boussaoud et al. 1993; Lestienne et al. 1984; Vidal et al. 1982 ). The issue of whether neck muscle contraction or eye deviation is responsible for the modulation of neuron discharge will be addressed in the DISCUSSION.
EFFECT
OF EYE POSITION ON THE RF EXTENT.
Although in the large majority of neurons with RF independent of eye position, gaze deviations did not produce any change in the extent of the RF, in seven neurons a small field expansion was observed when the monkey fixated the border of the spatially coded RF or points near this border. Evidence that this RF expansion was not an expression of a retinotopically organized field was provided by the observation that a further eye deviation in the same direction did not determine any further movement of the field. It is likely that in this case the effect was due to retinal factors. Foveal vision rendered suprathreshold a part of spatial RF that was below threshold when seen by the retinal periphery. RETINOCENTRIC VISUAL RFs.
Ten neurons had RFs that moved with eye deviation. All of the neurons had tactile RFs on the face, had visual RFs with the maximal response in the peripersonal space, and responded best to approaching visual stimuli. Visual RFs that moved with eye deviation were defined as retinocentric. Neuron with RF independent of eye position. The tactile RF of the neuron was located on the contralateral upper face. The visual RF was located around the tactile RF (visual RF horizontal width 40"). In A and B the monkey fixated straight ahead. In C the gaze was deviated 30" to the right. In A the stimulus was moved inside the RF toward the monkey. In B and C the stimulus was moved outside the RF. In D the monkey was moved 30" to the right and the trajectory of the stimulus with respect to the monkey's face was the same as in A. Despite the change of allocentric coordinates, the response was indistinguishable from that recorded in A.
An example of a retinocentric visual RF is shown in Fig. 10 . Figure 1OB illustrates the neuron responses when the monkey fixated centrally. Figure 1OC shows that no response was present when the stimulus was moved outside the RF. Figure 1OD demonstrates that the responses reappeared when, with the stimulus in the same position as in Effect of stimulus velocity on visual responses of neurons with RFs independent of eye position neurons the discharge peak increased with velocity increase, whereas it decreased in one. In nine neurons either the two extreme or the two intermediate velocities were preferred. Finally, for the remaining eight neurons there was no obvious ordered relation between discharge peak and velocity.
EMG recording during task pe$ormance
Because many F4 neurons discharge during active movements of the head, trunk, and arms , it was important to assess that the neural activity evoked by visual stimuli was not due to possible movements of the monkey elicited by the stimuli.
Observation of the monkey during the experimental trials did not show any overt movement. This immobility was the expected result of the behavioral task. The lack of overt movements does not exclude, however, that some muscular activity could have been present following stimulus presentation, but remained unnoticed to mere observation. It was important, therefore, to verify whether the monkey immobility was accompanied also by a lack of EMG activity, especially in those muscles that are involved in the movements controlled by F4.
Several sessions were devoted to EMG recordings in both monkeys. EMG activity was recorded from muscles of the trunk, neck; face, and shoulder (see METHODS).
The results
In 34 neurons, all with RFs independent of eye position, we studied the effect of stimulus velocity on the extent in depth of their RFs. Four velocities (20, 40, 60, and 80 cm/ s) were used.
In most neurons (n = 18, 52.9%) an increase of stimulus velocity produced an expansion in depth of the RF (Fig. 11,  a-e) . In seven neurons (20.6%) there was a field expansion at the speeds of 40 and 60 cm/s followed by a decrease at 80 cm/s (Fig. 11, fand g ). In five neurons (14.7%), although the depth of the field had a different extent at different velocity, there were no obvious ordered relations between stimulus speed and field extent (Fig. 1 lh) . Finally, in four neurons ( 11.8%) the RF extent did not appear to be influenced by stimulus velocity.
Two examples of neurons with RFs expanding with increase of stimulus velocity are shown in Fig. 12 . On the left side of the figure are shown the responses of the same neuron (M87.54) whose RF properties are described in Fig. 3 .
In addition to field depth, in all neurons studied we examined also whether the neuronal discharge was tuned to a particular velocity. The results showed a large variability among neurons. In 11 of the neurons, the discharge was not influenced by the four studied stimulus velocities. In five of one of such experiments are shown in Fig. 13 . The EMG activity was recorded during the fixation task without moving stimulus (Fig. 13, left) , and during the same task with visual stimulus moving toward the right and left side of the face (Fig. 13, middle and right, respectively) . Muscle activity was present only at the end of the trials when the animal, after dimming detection, released the bar.
Anatomic location of the recorded neurons
The location of the recorded neurons was histologically assessed in the two hemispheres of monkey 8. In monkey 9, which is still alive, the location of neurons in F4 was established on the basis of their functional properties and those of neurons in the adjacent areas (Fl and F5 ) .
The right hemisphere of monkey 8 is shown in Fig. 14. The outlined square shows the explored region. The neurons whose properties are described in the present study were recorded from penetrations indicated by filled dots. All penetrations were localized in the center of area F4. Thus, even allowing a margin of error in the precise location of the rostra1 and caudal borders of F4 due to the fact that the reconstruction was made with the use of coronal sections, there is no doubt that all neurons quantitatively studied were located in F4. Histological control of the other hemisphere showed a location of the recorded neurons similar to that presented in the figure. DISCUSSION The main results of the present study were the following. 1) The RFs of most F4 neurons are coded in nonretinocentric coordinates. Eye deviations do not modify their position with respect to the monkey. 2) The RF coordinate system of nonretinocentric F4 neurons is related to the monkey and not to the environmental cues. Changing monkey position in the recording room does not modify the position of the RF with respect to the animal.
3) The extension in depth of F4 RFs is not fixed. It changes with the velocity of moving stimuli, typically expanding when the stimulus moves at higher velocities. 4) None of these effects can be explained by active movements made by the monkey.
In the following discussion we will examine first whether the response of F4 neurons to visual stimuli can be interpreted in nonvisual terms. We will then discuss the possible functional significance of nonretinocentric RF. Finally, we will compare the space coding in oculomotor centers with that of F4 and areas related to it.
Visual responses in area F4
SENSORY VERSUS MOTOR RESPONSES.
Area F4 is a premotor area and many of its neurons discharge in association with active movements of the monkey ). This raises the possibility that the firing of F4 neurons to presentation of visual stimuli could be a discharge associated with movements made by the monkey to avoid (or to reach) the presented stimuli rather than a true sensory response. There are several lines of evidence that allow one to rule out this interpretation of F4 responses.
First, if the "motor view" were correct, responses to visual stimuli similar to those of F4 had to be observed also in other motor areas. In contrast, despite clear and reproducible discharges associated with active movements, the presentation of visual stimuli did not evoke any activity in Fl (area 4). Second, visual and tactile RFs in F4 are usually discrete and their location varies from one neuron to the next. It is not clear how such RFs could have been mimed by monkey's attempts to move. Third, in some neurons the responses to moving stimuli occurred earlier when the stimulus velocity increased, whereas in some others they did not. It is not clear why the onset of monkey's movements should depend on the recorded neurons and not on the way in which the stimulus was presented. Fourth, the data of the present experiments directly disprove the motor hypothesis. Direct recording of muscle activity during visual stimulation did not show any correlation between visual responses and putative motor responses. HG. 10. Example of a retino~ent~c neuron. The tactile RF was located on the face, contralateral to the recorded side. The visual RF was contralatera1 to the recorded side (horizontal width 30"). The neuron's response started when the robot arm began its movement. In A the monkey fixated centrally. No moving stimulus was presented. In B the stimulus was moved inside the RF. In C the stimulus was moved outside the RF, along a trajectory parallel to that in B. In D the monkey fixated to the left: the stimulus, moved along the same trajectory as in C, was outside the putative somatocentered RF (shaded area), but inside the retinal RF. Note that the neuron's response is present in D. Other conventions as in Fig. 3 . The evidence reported above rules out the possibility that F4 responses to stimulus presentation could be due to occurrence of actual movements. That evidence, however, is not sufficient to prove that the responses are sensory. Another possibility is that the discharge in response to stimulus presentation is neither visual nor motor, but reflects the internal representation of a movement toward a pa~i~ular spatial location. The experimental contingencies prevented the occurrence of an actual movement, but not that of a potential movement in response to the stimulus presentation. The discharge of F4 neurons would represent this potential movement. In contrast to the motor view, the "motor-representational" interpretation is not contradicted by the F4 response properties listed above. The spatial specificity of F4 neurons (described as RFs) can be accounted for by the fact that what is coded is not an unspecific motor reaction but a particular potential movement evoked by the stimulus. Similarly, the absence of responses in other motor areas such as FI can be explained by the fact that the discharge of neurons of this area is not determined by the spatial location of visual stimuli. Finally, the modifications of RFs with the increase of stimulus velocity could reflect motor properties related to the velocity of the eliciting stimulus, rather than a response property of F4 neurons.
There is no doubt that the two proposed interpretations of F4 responses are conceptually very different. Nevertheless, they have a fundamental point in colon:
both of them admit that F4 codes space. The difference is that, according to the motor-representational interpretation, F4 codes space in terms of movements (it is a motor space that is coded), whereas, according to the visual inte~retation, F4 codes space as such (it is a visual space that is coded). Note, however, that also the visual interpretation of F4 responses does not deny (see Gentilucci and Rizzolatti 1990; that space coding in F4, although visual, is primarily for movement organization.
The results of the present experiment do not allow us to differentiate between the two interpretations of F4 properties. Both of the inte~retations are conceptually plausible, and it is even possible that some F4 neurons code space in motor terms, whereas others have visual RFs. However, considering that, phenomenologically, the responses of F4 to visual stimuli have characte~stics similar to those obtained from classical visual centers (stability, delimitation in space, occurrence in the absence of attention), we will describe them in terms of visual RFs, with the caveat that what is described as visual RF could be, in principle, a motor-representational field.
RF ORGANIZATION.
In most F4 neurons the location of RFs in space did not change with changes of eye position (see also Fogassi et al. 1992; Gentilu~ci et al. 1983; ). The spatial stability despite gaze shifts obviously excludes that RFs having this property could be coded in retinocentric coordinates, because this coordinate system implies, by definition, an anchorage to the retina. The problem arises, therefore, of which coordinate system is used by F4 to code visual information.
There are, in principle, two main ways in which a neuron with a nonretinocentric visual RF could code space. The first one is a coding related to the observer. This coding can be organized in reference to a single observer's part (head, shoulder, body midline), or to different body parts. The second way is a coding related to cues present in the environment. This coding, which is ~de~nd~nt of the location of the stimulus with respect to the observer, is usually referred to as allocentric.
The data on the RF organization of F4 neurons do not support the latter code. First, most F4 neurons are bimodal. It is difficult to believe that a neuron that responds to stimuli located on the monkey's skin ( and that therefore codes a specific position on monkey's cutaneous space) can simultaneously code spatial relationships between objects in the environment. Second, most F4 visual RFs are located around the skin. An allocentric description of the environment hardly can be circumscribed to the peripersonaf space. Third, damage to monkey inferior area 6 produces neglect of the space around the animal, irrespective of monkey's position in space . Finally, the results of the present experiments showed that when the monkey changed location in the recording room, the RFs followed the monkey. This is the expected result if neurons code space in a coordinate system referred to the animal. Neurons that have RFs coded in such a coordinate system will be referred to as somatocentered neurons.
An issue that was not addressed in the present experi- In most somatorons were anchored to a single body part (e.g., head or centered F4 neurons, the background level of activity and shoulder) or to various body parts. The observation that the intensity of the response to visual stimuli are not influvisual RFs are typically located around the tactile ones enced by gaze position. In some, however, one or both of suggests that, at least for bimodal neurons, the space is these parameters are modulated by changes of the fixation coded in reference to a multiplicity of locations, each of point. A gaze modulation effect was reported also by Grazithem corresponding to the neuron tactile RF. The validity ano et al. ( 1994) . In the study by Graziano et al., however, of this suggestion was recently formally proved by Grazithe percentage of modulated neurons was considerably ano et al. (1994) . They showed that when the monkey's higher than in the present study. It is likely that this differarm is displaced from one location to another the visual ence is due to the type of RFs studied in the two studies. In RF moves with the arm and remains positioned around that of Graziano et al., most of the recorded neurons had the tactile one.
visual RFs located around the arms, whereas in our sample 13 . EMG activity during the 3 basic experimental conditions. Each trace represents the average of 5 rectified and integrated EMG recordings. Bottom : variation in time of distance between the robot arm and the animal. In the 1st condition the stimulus was still. EMG records are aligned with the moment when the monkey pressed the bar. This alignment emphasizes possible stimulus-related EMG changes. The time range in which light-emitting diode (LED) dimming occurred is indicated by the 2 dotted lines. The large EMG increase occurring in the final phase of the trials represents muscle activity due to the monkey's bar release and associated movements. s.c.m., sternocleidomastoideus; trap., trapezius; front. 1, frontalis, medial part; front. 2, frontalis, lateral part; r, right; 1, left.
RETINOCENTRK F4 NEURONS.
In a small portion of F4 neurons the RF maintains the same position on the retina regardless of the eye position (retinocentric RFs). Retinocentric RFs were reposed in inferior area 6 by ~oussaoud et al. ( 1993) . Unlike the present experiment and those of , however, almost all neurons of the sample of Boussaoud et al. have RFs organized in retinocentric coordinates. It is likely that the discrepancy between the studies by Boussaoud et al. and the others is due to the different ways in which neurons were tested. Boussaoud et al. used spots of light as visual stimuli. Because somatocentered neurons prefer approaching stimuli, it is possible that this type of neurons passed unnoticed in the experiment by Boussaoud et al. A second difference is that in the experiment by Boussaoud et al., in contrast to ours (and that of , the monkey had to pay attention to visual stimuli. A possibility is that this condition activates a population of neurons that do not discharge if the visual stimulus has no behavioral relevance, and that this population was not recorded in our experiment or in that of .
It is difficult to say what can be the function of retinocentric neurons in a premotor area. This is especially so if one considers that, although the neurons' RFs are coded in retinocentric coordinates, they also have tactile RFs. This implies that, in addition to.information on the location of the virtually all visual RFs were located around the face or around the upper part of the body.
The ' 'gaze-dependent' ' modulation observed in F4 somatocentered neurons can be explained in two ways. The first is that it is indeed determined by eye deviations (Boussaoud et al. 1993 ). The other is that the discharge modulation is not directly related to the gaze deviation but is determined by a concomitant neck muscle contraction. A neck muscle activation synergic with eye deviation, as found in the present experiment, was previously reported by others (Boussaoud et al. 1993; Lestienne et al. 1984; Vidal et al. 1982 ). An inte~retation based on neck muscle activation appears to us more likely. First, F4 is connected with brain stem regions and cortical areas as well as with spinal cord segments involved in the control of neck and arm movements (Cowie et al. 1994; Godschalk et al. 1984; He et al. 1993; Matelli et al. 1986; Matsumura and Kubota 1979; Muakkassa and Strick 1979) . Second, F4 has no connections with the oculomotor centers where neuron activity is modulated by eye position ( Andersen et al. 1990a; Cavada and Goldman-Rakic 1989; Chavis and Pandya 1976; Godschalk et al. 1984; Matelli et al. 1986; Petrides and Pandya 1984) . Finally, although F4 neurons do not discharge with eye movements, many of them fire in association with neck muscle activity ). stimuli on the retina, retinocentric neurons give information concerning the location of stimuli on the skin. The most parsimonious way to solve this apparent paradox is to postulate that retinocentric neurons represent an intermediate stage between the classic retinotopic neurons and the somatocentered neurons. Other, more complex interpretations of the retinocentric neurons' function are possible, but at present they are too speculative and will not be discussed here.
STIMULUS
VELOCITY AND RF DEPTH.
The extent in depth of most F4 somatocentered RFs increased with the increase of stimulus velocity. Thus fast-moving stimuli were signaled earlier than the slow ones.
A relation between approaching stimulus velocity and movement onset was recently demonstrated by Chieffi et al. ( 1992) in a behavioral experiment in which they studied the influence of object velocity on the kinematics of reaching arm movements in human subjects. They found that although the arm movement kinematics was not influenced by the stimulus velocity, but depended on the end point of the reaching movement, the movement onset was a function of object velocity. Movements onset started earlier when the approaching object was moving fast, and started later when the approaching stimulus was slow. In spatial terms, the hand movement started when the approaching object was farther from the subject in the case of fast stimuli than in the case of slow stimuli.
The neural mechanism described above could represent the basis of this behavior. If one accepts that F4 neuron responses are truly visual, their RF expansion would reflect the neuron's greater sensitivity to fast stimuli. If one consid-ers instead the discharge of F4 neurons as a potential response elicited by visual stimuli, the earlier discharge with a fast-moving stimulus would reflect an anticipation of the movement onset.
A further possibility is that the earlier occurrence of the discharge at higher stimulus velocity is due, rather than to an increase in the RF depth or to an anticipation of a potential motor response, to a prediction of the time to impact of the stimulus on the neuron tactile RF. This interpretation is not radically different from that which explains the discharge's earlier occurrence as a potential anticipation of the movement onset. Both interpretations stress the temporal aspect of the neuron response (earlier occurrence of the discharge at high velocities) rather than its spatial aspect (RF expansion in the same conditions). Where they differ is in the significance given to the discharge earlier occurrence. In one case the emphasis is given to the anticipation of a possible movement, in the other to the knowledge of the time to impact of the stimulus on the skin. Considering that F4 is a premotor area, it seems to us that the former interpretation is more parsimonious. We cannot exclude, however, that the capacity to predict when a motor response is to be anticipated could be part of the mechanism that signals the probable time of impact of a stimulus on the cutaneous surface.
Space coding in F4 and in other cortical areas
There is a growing consensus that space is coded in many cortical areas and subcortical centers. Lesion studies showed that in primates, spatial deficits occur after damage to inferior parietal lobule, the polysensory areas of the superior temporal sulcus, the frontal eye field, and inferior area 6, as well as the superior colliculus and intralaminar thalamic nuclei ( see for review Milner 1987; Milner and Goodale 1995; Rizzolatti and Gallese 1988) . Many of these centers are interconnected, but not all of them. Furthermore, the symptoms following their lesion may concern different space sectors. For example, damage to the frontal eye field produces a deficit that concerns mostly far space, whereas damage to inferior area 6 produces a deficit of peripersonal and personal (cutaneous) space ; for similar, although anatomically less defined dissociations in humans, see Cowey et al. 1994; Halligan and Marshall. 1991; Shelton et al. 1990 ). These findings indicate that different brain areas code different space sectors and, considering the motor properties of the different areas, it appears clear that space is not coded as a multipurpose map ( Stein 1992 ) but as a reference system for a particular set of effecters (Rizzolatti and Berti 1990; Rizzolatti and Camarda 1987; Rizzolatti et al. 1994 ).
The present findings strongly support this view. They show that the way in which the problem of spatial localization of visual stimuli is solved in an area that controls head and arm movements is radically different from that in areas that control eye movements. The issue of how oculomotor system solves spatial problems is still controversial. According to Goldberg, Bruce, and others (Bruce 1988; Duhame1 et al. 1992; Goldberg et al. 1990 )) a spatial map is not necessary for programming eye movements. The spatial location of a target derives from vector operations based on target position and motor errors. In contrast, Andersen and coworkers postulate that spatial maps do exist in lateral intraparietal area (LIP) and area 7a ( Andersen et al. 1985) . These maps are based on neurons that have retinocentric fields, but whose discharge intensity is modulated by eye and head position ( Andersen 1989; Andersen and Mountcastle 1983; Andersen et al. 1985 Andersen et al. , 1990b Brotchie et al. 1995) . The joint activity of a population of these neurons signals the location of the stimuli with respect to the head (Zipser and Andersen 1988) . Regardless of which view is correct, there is no doubt that neurons in the oculomotor centers have RFs coded in retinotopic coordinates.
to a variety of factors going from the physical and semantic properties of the objects to their mobility or immobility, and movement rules. The advantage of an explicit somatocentered coding of space is that the activation of individual neuIn contrast to areas 7a, LIP, and the frontal eye field, most neurons in F4 code space in somatocentered coordinates. Be the coded space motor (motor-representation fields) or truly visual (visual fields), it is certainly not coincidental that a somatocentered code becomes dominant in an area involved in the organization of head and arm movements. Unlike eye movements, somatic movements are very variable in terms of their kinematic parameters and, for an effective movement programming, these parameters must be adjusted according rons, independently of their discharge intensity, gives direct 
